ABSTRACT A cavity-backed directional magneto-electric dipole antenna with enhanced impedance and gain bandwidths is presented, which is excited by a coaxial balun. The proposed antenna contains a rectangular parasitic element, a modified metal cavity, as well as a bowtie dipole with bending structures. The enhanced impedance and gain bandwidths are achieved by using the rectangular parasitic element and modified cavity. Two pairs of vertical metal plates with different heights and a horizontal metal plate are applied in the modified cavity. In the low-working frequency band, the combination of the bowtie dipole, the horizontal metal plate, and a pair of vertical metal plates with lower height acts as a magnetic dipole, as well as the rectangular parasitic element located above the bowtie dipole functions as a director. A new magnetic dipole is excited by combining the rectangular parasitic element and the bending structures in the high-working frequency band. The experimental results show that the antenna has an impedance bandwidth of 1.38-3.55 GHz (88%) for S 11 ≤ −15 dB. In addition, low cross-polarization, high front-to-back ratio, stable radiation patterns, and a boresight gain of 9.05 ± 1.01 dBi are obtained in the whole operating band.
I. INTRODUCTION
Modern radar and communication systems develop rapidly and have great demand for higher performance antennas, such as wider bandwidth, better impedance matching, higher gain, and stable radiation patterns. Therefore, many studies have been carried on to implement these properties. Metasurface has been used for enhancing the gain of antennas [1] , [2] . To obtain good impedance matching with S 11 ≤ −15 dB, some non-unidirectional antennas have been presented with fractional bandwidths of 8.7% [3] , 31% [4] , and 66.7% [5] , respectively. However, they cannot be used in the point-topoint communication systems. Several unidirectional antennas, such as ridged horn and log-periodic dipole antennas, are not suitable for some space limited communication systems.
To achieve wideband unidirectional radiation patterns and compact size, dipole and bowtie antennas with reflectors are studied. In [6] , a wideband dipole antenna with corrugated-reflectors is proposed. The impedance bandwidth for VSWR ≤ 2 is 100.9%, and the gain is greater than 6 dBi in the band of 2.75-6 GHz (74.3%). An impedance bandwidth for S 11 ≤ −10 dB and bandwidth for gain ≥ 8.2 dBi of a dipole antenna are 113% (1.15-4.07 GHz) and 96.6% (1.15-3.3 GHz), respectively [7] . But the maximum radiation direction of the antenna on xoz-plane is not at θ = 0 • of 2.55-3.3 GHz band. A cavity-backed dipole antenna fed by a microstrip coupling line obtains a 117% impedance bandwidth for VSWR ≤ 2 and a 108.9% bandwidth for gain ≥ 6 dBi [8] . A nonplanar dipole antenna is proposed in [9] , which has a 112.5% impedance bandwidth for VSWR ≤ 2 and stable unidirectional radiation patterns at 2.8-6 GHz (72.7%). In [10] , an opened loop is applied to a unidirectional dipole antenna to improve the impedance bandwidth. The antenna has an impedance bandwidth of 101.7% (VSWR ≤ 2). A cavity-backed bowtie antenna achieves a 91.4% impedance bandwidth for VSWR ≤ 2 [11] . A circular ring is applied to obtain stable unidirectional radiation patterns. In [12] , a unidirectional folded bowtie antenna with a cavity structure obtains a 92.2% impedance bandwidth for S 11 ≤ −10 dB. A unidirectional antenna composed of a folded sectorial bowtie and a composite cavity structure is presented to obtain an impedance bandwidth of 143% for VSWR ≤ 2 [13] . In [14] , a cavity-backed bowtie antenna loaded with parasitic stubs achieves a 117% bandwidth for VSWR ≤ 2 and unidirectional radiation patterns.
Wideband unidirectional dipole antennas with better impedance matching are also studied [15] - [17] . An impedance bandwidth of 59.7% for VSWR ≤ 1.5 and stable gain are obtained by using four dipoles and a reflector of a dipole antenna [15] . The height of the antenna is 0.499λ L (λ L is the free-space wavelength at the starting frequency). In [16] , by using a folded dipole and an L-shaped coupling fed structure, a broadband base station antenna obtains an impedance bandwidth of 53% for S 11 ≤ −15 dB. A unidirectional full-wavelength dipole antenna using a hybrid feeding structure has an impedance bandwidth of 32% for S 11 ≤ −14 dB [17] .
Wideband unidirectional antennas realized by magnetoelectric (ME) dipole have led to a growing interest. By introducing a shorted bowtie structure, wideband ME dipoles are obtained with impedance bandwidths of 60% [18] and 87% [19] for VSWR ≤ 2, respectively. In [20] and [21] , a horizontal folded bowtie electric dipole is used, and impedance bandwidths of 95.2% and 110% for VSWR ≤ 2 are achieved, respectively. A differential-fed method is used, and a 114% impedance bandwidth for VSWR ≤ 2 is achieved [22] . Two U-shaped bowtie elements as an electric dipole and a horned reflector with two layers are applied to a ME dipole [23] , which can improve impedance matching and radiation patterns, respectively. This antenna achieves a 118% impedance bandwidth for VSWR ≤ 2. A multilayer printed circuit board method is applied to a ME dipole antenna [24] . By adopting this method, an impedance bandwidth of 110% for VSWR ≤ 2 is achieved. Wideband unidirectional ME dipole antennas are also studied to achieve better impedance matching [25] - [27] . A ME dipole with a U-shaped reflector is proposed [25] , which achieves a 51.5% impedance bandwidth for VSWR ≤ 1.5. ME dipoles with a planar reflector [26] and with a metal cavity structure [27] achieve impedance bandwidths of 45.6% and 54.8% respectively for VSWR ≤ 1.5.
In this paper, a wideband ME dipole antenna by introducing a rectangular parasitic element and a modified metal cavity is studied for achieving enhanced impedance and gain bandwidths. The simulated current distributions of the proposed antenna are discussed. In the low operating band, the direction of the current on the rectangular parasitic element is the same as that of the current on the bowtie electric dipole. The parasitic element functions as a director. A magnetic dipole is generated by combining the modified metal cavity and the bowtie dipole. In the high operating band, the rectangular parasitic element and the bending structures act as a new magnetic dipole. We present a modified metal cavity which has two pairs of vertical plates with different heights, as well as analyze the effects of the cavity on the impedance matching and gain. Furthermore, the results of experiment and simulation are provided and discussed.
II. ANTENNA DESIGN
The proposed ME dipole with dimensions of 148 mm × 113 mm × 44 mm is composed of a rectangular parasitic element, a modified metal cavity, a bowtie dipole, and a coaxial feed structure. The thickness of all metal plates is 0.5 mm. The geometry of the proposed cavity-backed ME dipole antenna is depicted in Fig. 1 .
As shown in Fig. 1 , the bowtie dipole comprises bending structures with a gap of l 6 and a height of h 3 , as well as a pair of traditional patches. The patch contains a rectangular part (with dimensions of l 7 ×w 3 ) and a trapezoid part. The lengths of two parallel sides of trapezoid part are w 2 and w 3 respectively. A rectangular parasitic element with dimensions of l 5 × w 4 is placed h 3 above the bowtie dipole. A modified metal cavity is introduced to improve the operating bandwidth of the antenna, which contains a horizontal metal plate and two pairs of vertical metal plates with different heights. The dimensions of the horizontal metal plate are l 1 × w 1 . The heights of two pairs of vertical metal plates are h 5 and h 6 , respectively. The distance between the bending structures and the horizontal metal plate is h 1 . A coaxial balun is used to feed the antenna. A bowtie arm and horizontal metal plate are connected by the conducting outer metal tube of coaxial line. The other bowtie arm and the central conducting core of the coaxial line are connected by an inverted L-shaped metal structure with dimensions of l 3 × w 5 × h 2 instead of a folded central conducting core used in [28] . A metal cylinder with diameter of 1 mm is used to connect this arm and the horizontal metal plate.
Detailed dimensions of the proposed antenna are shown in Table 1 .
λ L is the free-space wavelength at the starting frequency at 1.38 GHz. Fig. 2 shows the simulated current distributions of the antenna at 1.4, 2.6 and 3.2 GHz. We can see from Fig. 2(a) that the directions of the current on the rectangular parasitic element and the bowtie electric dipole are the same. The parasitic element acts as a director. Similar to [29] , as the director is used, the impedance bandwidth can be improved. The combination of the horizontal metal plate, the vertical metal plate #1, and the bowtie dipole works as a magnetic dipole. The magnetic dipole plays an important role on reducing the low cutoff frequency. Fig. 3(a) shows the simulated electric fields at 1.4GHz. It can be seen that the electric fields are distributed along y-axis and a magnetic dipole along x-axis is realized. As shown in Fig. 2(b) and Fig. 3(b) , a new magnetic dipole is generated by the combination of the bending structures and the parasitic element. In Fig. 2(c) , the magnetic dipole plays a main role and the radiation of the bowtie electric dipole is decreased. Fig. 4 shows comparisons of simulated S 11 and boresight gain of the proposed antenna with and without metal cavity (two pairs of vertical metal plates are removed). It can be seen that the low cutoff frequency of the antenna for S 11 ≤ −15 dB is moved from 1.657 GHz to 1.389 GHz and the impedance matching over the whole band is improved when the two pairs of vertical metal plate are added. The simulated impedance bandwidth for S 11 ≤ −15 dB is from 1.389 to 3.557 GHz. The boresight gain of the antenna without vertical metal plates decreases significantly near 3.2 GHz. Comparisons of simulated radiation patterns with and without metal cavity at 1.7 and 3.5 GHz are shown in Fig. 5 . When the metal cavity is introduced, the front-to-back ratio is significantly increased and the beamwidth of the H-plane narrows in the high-frequency band.
III. ANTENNA OPERATION PRINCIPLE

A. EFFECT OF THE MODIFIED METAL CAVITY
We study the effects of vertical metal plate #1 and vertical metal plate #2 on the antenna performance, respectively. Simulated S 11 and boresight gain of the proposed antenna without vertical metal plate #1 (with vertical metal plate #2) are shown in Fig. 6(a) . It can be seen that when vertical metal plate #1 is removed, the impedance matching in the band of 1.389-2.8 GHz deteriorate and the boresight gain is decreased in the band of 1.389-1.6 GHz. Fig. 6(b) shows the simulated S 11 and boresight gain of the proposed antenna without vertical metal plate #2, while vertical metal plate #1 is added. It is shown that vertical metal plate #2 has a significant effect on the gain over the whole operating band. When vertical metal plate #2 is applied, a better impedance matching is achieved in the bands of 1.389-1.6 GHz and 2.8-3.4 GHz. Figs. 7 and 8 show the impacts of vertical metal plate #1 and #2 on the radiation patterns, respectively. Vertical metal plate #1 has significant influence on the frontto-back ratio in the high-frequency band, while vertical metal plate #2 mainly affects the front-to-back ratio in the lowfrequency band. Moreover, vertical metal plate #2 is the main reason for the narrow beamwidth of the H-plane in the highfrequency band. 
B. EFFECT OF THE PARASITIC ELEMENT
The rectangular parasitic element is located above the bowtie dipole. The cases with and without parasitic element are VOLUME 6, 2018 studied (the modified metal cavity is added). The simulated results of S 11 and boresight gain are shown in Fig. 9 . When the parasitic element is removed, the impedance matching becomes worse in the whole band, and the impedance bandwidth for S 11 ≤ −15 dB is only from 1.437 to 1.9 GHz, as well as the boresight gain is decreased after 3.2 GHz. Fig. 10 shows the effects of the parasitic element on the radiation patterns. The parasitic element has little effect on the radiation patterns in the low-frequency band. However, the radiation patterns of the H-plane are dramatically improved by introducing the parasitic element in the highfrequency band.
C. PARAMETRIC STUDY
We select several important parameters of the parasitic element and modified metal cavity to investigate the effects on the impedance bandwidth.
The influence of the height of vertical metal plate #2 is shown in Fig. 11(a) . Compared with h 5 = 44 mm, the impedance matching performance gets worse a little with h 5 = 41 mm near 3.0 GHz; while with h 5 = 47 mm, the results of S 11 are increased a little from 2.1 to 2.5 GHz. When h 6 increases, the results of S 11 are decreased at 1.8-2.7 GHz, but are increased near 3.0 GHz, as shown in Fig. 11(b) . The effects of l 1 and w 1 on the S 11 are shown in Figs. 11(c) and (d). When l 1 = 109 mm, the impedance matching performance gets worse near 3.0 GHz. When w 1 = 144 mm, the results of S 11 are increased at 1.4-2.8 GHz. As l 1 and w 1 increase, the change of the impedance matching performance is little. To consider the requirements of compact size, the optimal values of l 1 and w 1 are 113 mm and 148 mm respectively. The effect of h 5 on the radiation patterns is shown in Fig. 12 . When h 5 is reduced to 32 mm, symmetric radiation patterns can be obtained in the high-frequency band. of S 11 near 3 GHz are increased and the high cutoff frequency is moved to the lower frequency.
As shown in Fig. 14 , the impedance matching is influenced noticeably by the width w 5 of inverted L-shaped metal structure. The optimal value of w 5 is determined as 21 mm. As w 5 = 19 mm, the high cutoff frequency is shifted to the lower frequency; while w 5 = 23 mm, the impedance matching becomes worse in the band of 1.6-3.3 GHz. 
IV. EXPERIMENTAL RESULTS
A prototype of the proposed cavity-backed ME dipole antenna with dimensions shown in Table 1 was fabricated, which is depicted in Fig. 15 . The parasitic element was supported by a foam (ε r = 1.05).
The measured S 11 and boresight gain are compared with the simulation results, as shown in Fig. 16 . The measured impedance bandwidth for S 11 ≤ −15 dB is 88% from 1.38 to 3.55 GHz. The measured boresight gain varies between 8.04 and 10.06 dBi.
Comparisons between the recently published dipole antennas and the proposed antenna in term of antenna size, impedance matching, operating frequency band and antenna gain are shown in Table 2 . We have found that the proposed antenna shows good impedance matching for S 11 ≤ −15 dB, wider impedance bandwidth and higher peak gain. The proposed antenna has a lower height and a smaller area compared to the antennas in [13] - [15] . Antennas in [23] - [25] have a lower height, but have a larger area. The simulated and measured radiation patterns of the proposed antenna at 1.4, 2.8, and 3.5 GHz are shown in Fig. 17 . The stable unidirectional radiation patterns are obtained in the whole operating band. The proposed antenna also achieves low cross polarization and high front-to-back ratio. It can be seen that the measured cross polarization level is less than −20 dB, and the measured front-to-back ratio is greater than 18 dB.
V. CONCLUSION
A wideband magneto-electric dipole antenna is proposed in this paper. The effects of the metal cavity, the parasitic element, and the inverted L-shaped metal structure have been studied. Moreover, the current distributions and electric fields of the proposed antenna are given. Experiments show that the proposed antenna achieves an impedance bandwidth of 88% for S 11 ≤ −15 dB, a boresight gain varying between 8.04 and 10.06 dBi, low cross polarization, high front-to-back ratio, and stable unidirectional radiation patterns. The overall size of the proposed antenna is 148 mm × 113 mm × 44 mm. The antenna is a good candidate for many wideband wireless communication systems.
